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CHARACTERIZATION OF A RAMPED GRADIENT DTL:
EXPERIMENT AND THEORY*
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Abstract

An experimental demonstration cmfirming the beam-
dynsmics of a Rsm@Gradient Drift-TubeLhw (RGDTL)
was performed al Los Alsmos National hboratory. I%e
RGDTL was designed to optimize on the requirements of
maximum beam acceleration, minimum longitudinal and
transverseemittance growth, and acceptable wall power loss.
Al low beamenergies,transversemagnet frxusing is weak ad
[he ti defcasing must be minimized. As the bun energy
increases,stronger rf defocusing can & tolerated and the rf
electric field gradient can increase. A dclailed comparison of’
theory and exprimem was can-id out. Beam longitudinal
Ccntids (outputCJmgyand phase),transvclsBad bngiludinal
emiuances were measured as a function of RGDIL rf fdd
amplitude and phase. The Iongimdirud cemroids were also
studieda.. functionsof input beam cumenLe~gy, and degree
of bunciling. Comparison between experimental data and
thcarj was foundto be in god agrcemerm

1. INTRGDUCIION

Pmon or H- Drift-Tube Lirmcs (DTLd) can achieve
acceleratinggradientsof 4 to 5 MV/rn while Radio Frequency
Quadrupoks (RF@) achieve gradients of typically 2 MV/m.
his rksirahic to provide a Iransilion region bolweemthe RFQ
(Ihc injector) and the Iliph gradicrrl DTL. This can be
:~i.~”l)llll)lisll(’11by u firhl mill) [Ililt smoothly LX)IHICCL$the IWO

iirld grmlims, TIIL* 1.(N AI;IIIIOS R(ib’1’l. wits dcsigt]cd 10
pr(]vidl’ [his [r;lnsi[itm rl’gi(m [ I]. II mmm~u[icullynmkhcs ItrC

hm fI(NII u I{}w-vdtm’ilv hjw-licld grudicnt dcvicc (RIK)) toa

Ili}I1l-\t’l(]lily Iiij!h-}!l;ltlirnl llrvil’c ([)’1’1.), In Ihc dcsi~fl

pIIWmlIIIC [h’ rqllll~’lli(’ills (d nl;lxinlum tm’um uccclcrulion,
nlillinlunl I{lllylludill:ll :111(I Il:lnsvursr (’lllillillK’Cgrowlh, Ulld
ill”i’1’[Ml~ll’ N’illl Ihhv(’1 111sS wwu t)l)limil,txl,

‘I”hr It(i] )“1’1. is ii 425- hill/., 1.lI17-111-IoIIgstruclurc
conurining 2° drill Iulws, 14 posl couplers, two luncrs, and
Iwu drive loops, 1[ Iiils UII uxiul electric fichl gradiem that
incrca.wsfrom 2.() MV/111 (RIXJ grsdicm) [o 4.4 MV/m over

1,5 m ft~r rrccclcrtilillg 11- from 2,07 McV (141T) outpul
rncl I:y) to 6,(17 MrV, “IW slrm’lure’snmclnmiculdesign, lotu-
p)wm Ilnlin}!, ;111[1[’ichl sldlili/;llifm lll(*ilSlll(’1111’llIS UN! nqxmtxl
ill l{ L’lrIIvKrs ? llIl~IllI~h ~,

AI I Ii\lIISI III IISIII; Il (11,1111II\ IIiIIIIm v;llltl:ilil~~: [h lNI:ImII

(l\ll, tllll, \ Ill Ill,’ 1{(;1)1 I ll,l\ 1)!.1’11(“lllllphwd (Ill h’

“\\ >!; ,;’’~”’! 1“ ‘1. !. I l~\ 11,,, IIY I h,ll,lltlll!,lll Ill 1)1, lrll.,1.,

\!lll\ ~,1’,,,,, Ill !,, ,: I !11!1,111111!,11111,.111,,11111“. Ill 1111’Ils
1,, ,.,., ,: 1!,.,.

AccelerauxTest Srand(AT3) [61. It hassiwm thata RCUITL
with the desired stable ~leld distributions can be buill and
operated. Characletition of the RGDTL OUtfNIt beam

confii Ihat simulation coch accurately model the beam-
dynamicsof modeately brigh beams in the RGDIL.

11.EXPERIMENTAL 7XCIiNIQUE

The H- input beam LOthe RGDTL was from the ATS,
425-MHz, 2,07 MeV RFQ. The ATS was operated ala low
duty faor (0.025%).

The exprirnerrlal objective was 10 fully charactcriz.e the
output beamof the RGD’fL to allow for a dctaikd comparison
LOthe simulation codes. To achieve this end, the output hm
cumcm~km transmission,Transverseccmtroida(positiat ad
angle in Loth planes), longitudinal cmroids (beam energy and
phase), transverseand longitudinal phase-space distributions
wem messurul for a varitiy of R(JDTL operating condition%

Available diagnostics for these measurements included
three toroids and a Faraday cup (beam current and
transmission), drree capacitive probes [7 J (longitudinal
conlroids), two @m of slil-colkctors (transverseumlroids and
phase-space distributions), LINDA [81 (longitudinal phase-
- distribution),and ax-ray dcwtor [9] (RGD7L rf field).

In. IXPERIMENTAL RESULTS

At low power, tic RGDTL accclcraiing mwlc was tuned
to 425- MI{z, the desired rtmpcd field distrihu[im was

tichicvcd, ml th~ fkld WiIS s[uhiliml ilg,ilinst iuning errors.
Ilc Iuning prowlurc is Kivcn in l{rlclcnccs 4 iUlll 5 wlwrc lhc
parumclcrs 10 IX tidjusk!d, lllc goills 01 Ilk’ illljUSllllL’llIS, lIIC

luning mcchmistns usd, ml III(’ V:II I(Ius nlr:murmcn[

techniques arc dwwrihwl in dmil.

The RG!YI”I. Wils op’riikd WIIh (I II;II t 1“(It IV(’ hMIjN will’ it

mastcr+lilvt uonl’igurntion 101 ;Inll)lilmli’ (’\)nlItIl and

indqcndcnt phwsccontrol. “l’lIL’dllill (11 iv~’-hmll) C(~ll[Jllll~ W;IS

dclcrrnincdal low puwcr [ 10]. Wilh twn Ihc opcralion of the
dual rf drive systemwa~establisheduml shown m he stublcand
reliable.

llc RGDIL rf electric Iicld Ii, on uxis run be dcuxmincd

from lhc energy spectrum 01 lhc x-I;Iys [lwwrm:d wilhin the
urvily [9], ThC x-my energy Slk’(’llil W’1(’ lllL’ilSlll(’(1 versus
cmily d’ ~mwrro ‘lmh(’w (I:II:I sll~!}!.1’md Ih;ll 4’/(1 ~ I:? kw

c:l\’Ily pmwr w;ls n(x’mslly II} :I(IIIIIYI’ llh’ ~h’hi~’,11;I\Id III+!

whkh is wy t“lIIw 1(} k INIw(’I 1(’}i’l [.I(J() I 10 k\V) Ilttxlitml
I)Y Sill’l,,lt! Isll
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cntrg) and phase cm-mods of Ihe lxmm as a function of Ihe
RCiDIL rf amphmdc and mlawe rf phase. A tmmparison of
tie dem 10 single-panicle simukiorls ptmvti the signamre
for dcmmining the ~ng ~-@us of IIW RGDTL. In
this procedure, it was assumed thm beam cemoida are
Unalktcd by XpXdwge dmLhecUUroM**mb
pfedti by single- simuti Bcnhaasmnptiomsarc
rcasonabk iftipmcks inthebunchex~f~h
dcpemd on the magniwdc of II%ir displacement from W
S)WIChlUllOUS ~kk. Figure 1 ShWS 8 COM@aOn bCWOUl

cqerimem and simulanan. The dsla indicme IIU a cavity
pwcr of 448 kW gwe the tired fwld. ‘Iltis HIt is in gtmd
agreementwi~ h x-ray Ma and SLJPERHSH cakuhions.

Figure 1. A compxrmn Itmm RGD’IL dam u 440 kW

xnd mmulmiam ● 0.95. I 00. 1.05, d 1.10 tima &sign gap

vnlmge. Rclwitc OUIpIII beam phase ic used 10 facili[ma n
compmmmr of mrvc shqws The mmulmmm indrcate thm a
r4*Ily pwm- t]i 44P hw KI*CS fieldsnew design

AtldIIIIvI.!l Iili.;.>. ,*w ..rk’I,Ik,VIwh..rt’ IIIU IIIpU[ rmcr~y

,.~ 1’1.’R(ill I I k.ls !.11,.,1 .llql*L. ,111(1tvllw [Ilr lIL.W}:II Inpul

i“’wr,:y .II!I. w.l. ;l~. i~lj~l.l..li(tl by qrr.lllrp III(* AIS Iwndwr

..l\ l!\ (Ilk .I1...l !..-!- ...-II !1;.. RI.(J ml.1 R(ill-1 l.) In II*
J.\ ..l.”l.llll=i.IV 11.-.1.. .-l.-l.ll.l=ii Ililml\.% h’ cxlwmrlmd f~%ulli
‘*. ..” -1~!.11’11“11%~-1.,,.1---- I-..l,l * 1[]1Wll!ll.,llilll.

I’h.lw m .m~ w.1.. “.-.Ill\. .11 blllh Illw Ir.1111 L-urr(*ll[* (-2[1

lliA] :IIKI1111:11k.uli t Iilr.11[-[“ltiit}N) inA] VIWrf iWI@UUik
.md I*IKM WI-IUUIUS.m d..lLmmnrd[mm IIh. plme-sum, were

mdqxmdcnl 0[ km currrnl llm supInms our awnnption
dIJI 11%1111LCll[lllhl\ *1.f(.uIIJIktkd h- S[XKC duU#C.

( )prr.mnj! Ihc W i I ) I I. III m r( umphmdr und plmw scl-
pllv!. ,i.l~l. .Illq tr.IiII I!.!IIXIUI%WIUIm l~tlh Iugh nnd 10*
1-“.11iIIlllt.illsWll .1-W.1* .1%1.1..111.lLWI1111111●1111111,1111}11*I{W
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tcued rhe RGDTL barn dynamics with different spccduuge
f- external bngimrhd focusing forces. and inpul phase
disuibtuions

ToXill@lq.btkl matching LOW RGDIL damwem
takonwith the AISrflnmher cikofftxoporuing ink

~~~l~~ma
lb nmaud Cmmt-Sn~ (CSJ ~m ofh RGML
output beam w re compared m simulations using the
mismsfchfamx(~. MMF=Ocmeqmds m ach[eving
lhedesigncspamUUsm Wllh LheIf buldlm off (Slandard
ATS operation), the dau and simulations are in good

agrecmml (MMF = O.fX). For all rf buncher modes, MMF
was less dun 0.2. diowing that the output beam CS

plmOkrX - inamsitivc 10 lhe hgilufhd malch. In
general a ~tical criteria of MhfF <0.3 is considwcd to

i~i~~ ‘~1” Wi* simu~ti~.
The Iongimdinal emiuancc of the RCil.111 ou[pr.ubeam

was mmaumd ●t diffcmnt RGDTL rf pwcr levels aml phams.
A comparison of Ihe rms Ionguudinsl cmimmcc al the
optimum RGDTL pwcr and phase sa-pninrs (0.1(1 z 0.02x
McVdeg) LO a previous mcasurcmcru of the RFQ rms
It.mgilulinal aniuawe (0.08 * O.~ z MeV-deg) imhcaus rm
longitudinal cmluame growh in Um RGDTL 71w enur a
W emillnwc maamcmal is -X% and rdlats lhe suiuer UI
M ~ Within IIW limiti raage of RGIYIL rf Iwwwr and
~ cxplwed, Lhorms Iongimrhnal wniuancc waa shown m
be inmnsilive (whhin exprimenud error) w Lmh If pouier ad
phes&asexplUxd

The RGDTL output beam mansvcrse phase-space
di6bUions ~ m ad) were meusunxl using a
madmdslitamlcdkctm tinique [12]. hex mcwmwua
wwetiasftndtats of RGDILrfcavily powcr(five~
kvels) ad rf ~ (Ihm seuings), snd Iongiwdmal mati M
he in~l beam.

Using k MMF, k measured uans~:rw Cmmuu-Snyder
(CS) purmnetcrsof dle IKil)”[l. twlp,il k.i.u w-m.omqwwl U)
\iMukiu(wM.AI IJWOpIIIIIUIIlR( ~I)II.rl lhm ~-r.IW1lt~i.l..k..WI.

prilm Ihcrc was g(xxl agra!nlt!lllh-[u :..11d,ll.1,111,1>111,.;l.l[lllnk

llrc MMF was O3(I and OOX for h: Iwrwmmd ml }(rucal
pl;uw.. rcqwxllvcly. [Jllllk” Ill II . !i*llf.’!...!.’i.ll l.l.,l-~. l.ll~t”

hlMl (-l) were otuwd III h~[li 11.111-\. I ~- l. I.,11.-s I.11 II, UI-

{I[llllllgllll lt~t [).1”[. oprdlm~ t lllitllllllli.A* rhp. .L d [h!

Oulpul Irurmvcrvc (X pdrilllclcr~ Mclr 11111..lX.liil..lil id IIIC

hngmdmd rnakh C: lhc input km lU llw A-IS R( il ).11.

cxpcnmcmal conflguratmn, I: *-u* nol poswldr m ~~ry lk
mmsversemmchof he RCWYII. mpm IUXm

lhc rms normalitml Irtinsvrrsc cmutancm of Ihc
ROIY1l. mrIput beam wn.. mrirwmd Ill dlltcrwu N( il) H. rf
pnwer kvcls and plm.ws A compxn~m (11111(.rmk u,l!m=msc
CUIUKUKC* al Ihc qmnmm R( ilN I IM?*L-I.mil I?II.Mwl-
[~)lllb(() f)~~ ‘ [)[M)zmL-IIImr,iilkwI/,v,! III:!.iii,..Ili.l .( I (1~~

[1 (Ml: ~ ;III IIIfiItl \(v II. .I1 lb,.! I. I 1-.. . -- = 1;.. . . -:... -l. m.-lin\

[ii ,Ili RI [j rp, + l!.ill*\..fM.,.11-!::,-.. i i .-.=.i=m =. ,.,p.,fl!

1.1Ii.-i 11.-1..ii.-.Il.,l=.,l-t . . . ,1..

1{(,11,, I I Iii,-.l...ll.-.l 1,[ 1i . . . . ,-. ...1

I ..1 .1. - I ~ -.11.. ..1=Ill 1--- . !. ‘, \.-
,....l= ,, ,, 1{(11111 ..1 ml .-
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mcasurcmcrws is -S% with background sutilion being lhc

dominant componcm. Within lhc Iimitcd range of RGDTL rf
pow and phcscs explored, h transverse emiuancca were
shown 10 bc inscmsitivc(within expuimcmal cnw) to hh rf

-aPh=,Mml==l.
The position and angle cmroida of he RG~ ou~

bamvmrc dc.tcrminc dfromthcmcaa~~~~
space distributions. They indicated thal acme mall mia-
stccring of the barn was muting in h RGIYIL k oCf-
Iinc checks of hc RGDTL suggcmd IWO poaaiblc cauw
The first was a misaligned qum@mle in Ihc downstream d
wall. The wxmd was an irrm-nal braze failure which reaultai
in a waw pmssurcbulge in the cd wall. lhc bulge may have
lwislcd or dislomd [k half (Jrifl-lu~ wh~h SU_ ~ ~
Wll[[ quadrupok.

V. SUMMARY AND CONCLUSIONS

Commissioning of Ihc RGDTL was a success. The
cxpcrimcrrtally dclcmlincd cavity pwcr (two indcpmkml

tcchniquc..) was in gnori agrtxmcnl witi h kxedcal Value.
Ream lran..missimr was grcamr tin 97% witi a maximum

OIXPU1 currcnl of 80 mA. Wilhin cx~imcmlal errors,
Iransvcrscand longimdinal,pha~-apace nwasummcmla do IMn
indicalc any cmiuarwc growth Uwough M RGDTL. The
measured oulpul Ixvun Cnuranl-Snyder paramclcra arc in good
agrocmcnt with sinmlalions. IIw rcauks confrr k km-

dynamics prcdickms and Ihus validate lhc ddgn corks and
irulicatcLhslno majur physicshasbcsi urniucd.

The mrcccssful uxling of the R(3DTL has almwn that
compac! DTLs ulilizing rampd fti txn be dcaigmtl, buil~
and opmucd. Ilcy could be key elcmcnu in W high-
hrighmcss rrccckramrs Ihul arc Iming considrxcd in many
iM!VilK1’d ikllmh’nlil)r ilp@kl[kMLS.
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